One contribution of 15 to a theme issue 'Bioengineering in women's health, volume 2: pregnancy-from implantation to parturition'. This special issue of Interface Focus is the second of two sets of articles on the topic of bioengineering in women's health. This second issue in the series focuses on pregnancy, a dynamic time in a women's life that involves dramatic physiologic changes within a relatively small timeframe. Pregnancy demands endurance and resilience of one's body and represents a critical component of women's health research. The health of an individual leading up to, during and after pregnancy is paramount for reproductive health and the lifelong health of offspring. The articles in this issue explore physiological events that support reproduction spanning from embryo implantation, through gestation, to delivery and parturition. Specifically, the articles highlight essential developments in placenta, fetal membranes, cervix, pelvic floor and anthropometry research. The featured bioengineering disciplines deployed to study such complex biological processes are diverse, with articles detailing the latest advancements in computational modelling at various biological length-scales, biomaterial design, material modelling, non-invasive diagnostic techniques, microfluidic devices and experimental mechanics. This second issue continues the first in this series, on the physiology of the non-pregnant woman.
Introduction
The placenta is a temporary, hybrid maternal-fetal structure that exists only in pregnancy to support the developing fetus. The study of the placenta is a particularly challenging aspect of research in human pregnancy, as there are severe limitations to the use of animal studies due to differences in placental anatomy and function. Therefore, alternative research approaches have been developed for the study of human pregnancy, including in vitro and in silico techniques. In the review by Pemathilaka et al. [1] , the use of microfluidic 'placenta-on-achip' model systems is examined, particularly in the context of drug transport across the placenta from the mother to the fetus. The fully in vitro microfluidics approach using human cell lines is compared and contrasted to both in vivo (animal) and ex vivo experiments and represents a promising approach for future drug studies.
A particular advantage of fully in vitro experiments is the ability to study early formation of the placenta and early behaviour of the specialized invasive blastocyst-derived trophoblast cell type. Zambuto et al. [2] develop a gelatin hydrogel-based three-dimensional (3D) model system for the study of endometrial angiogenesis and invasion of trophoblast. The work of Saghian et al. [3] is complementary, in the development of an in silico agent-based model for trophoblast invasion and interaction with the maternal spiral arteries. Since the most important actions in trophoblast invasion occur in the first trimester but sequelae from faulty invasion do not appear until much later, these represent critical new developments in understanding of placental development.
Two articles in this issue address the anatomy and physiology of the functional exchange unit of the mature placenta, the terminal villus. Plitman Mayo et al. [4] use confocal imaging of perfusion-fixed placenta lobules with 3D reconstructions from the image stacks to examine the variation in normal terminal villus architecture. Erlich et al. [5] use similar 3D reconstructions from a smaller set of geometries to conduct in silico transport modelling incorporating the effect of tissue metabolism. Both studies represent key steps in the eventual development of a full virtual human placenta model.
Two articles, by Bircher et al. [6] and Koh et al. [7] , consider fracture mechanics of the fetal (chorioamnion) membranes in the context of preterm premature rupture of membranes. Membrane rupture prior to 37 weeks gestation is associated with significant fetal morbidity and mortality, and the process of rupture is poorly understood. The two works published here represent some of the earliest and most rigorous treatments of fracture mechanics of fetal membrane tissues, and both works address the finding of significant flaw tolerance in the collagen network that dominates the amnion membrane mechanical response. The Bircher et al. [6] approach is microstructurally focused, with explicit modelling of the discrete collagen network, while the Koh et al. [7] approach considers continuum fracture toughness quantification. The new insights reported here have implications both in understanding how defects influence the inherent quantitative toughness of fetal membranes [7] and how the size of these defects may be qualitatively important in clinical interventions such as amniocentesis or fetal surgery [6] .
Four articles, ranging from clinical to engineering perspectives, focus on the biomechanical role of the cervix during pregnancy. The first article by Feltovich [8] is a callto-action, given from a clinical point of view, for the development of quantitative engineering methods to predict the timing of labour. Feltovich, a maternal-fetal medicine (MFM) clinical specialist, provides a comprehensive review of the recent clinical ultrasonic imaging literature related to predicting labour. The review explains the implications of common clinical observations of cervical funnelling and shortening and how these data relate to birthing outcomes. The review concludes by giving strong clinical evidence for the need to implement a biomechanical approach to understand the balance between external mechanical loads experienced during pregnancy and maternal structural support arising from maternal anatomy and tissue material properties.
Accessing the human cervix to conduct rigorous mechanical tests is understandably difficult, and conducting a clinical trial to study the efficacy of various clinical interventions takes enormous resources. Hence, reproductive scientists rely on gestation-timed samples from various animal models of normal and abnormal remodelling [9] and biomedical engineers devise bench-top simulation experiments using phantom organs [10] . Yoshida et al. [9] provide a comprehensive review article to explain the scientific utility of rodent models of pregnancy to understand how the cervix changes its material properties throughout gestation. Yoshida et al. [9] compile disparate mechanical testing datasets across multiple rodent studies to provide unifying evidence the cervix remodels in stages, characterized by a drastic increase in material compliance and viscoelasticity as the tissue reaches term. The mechanisms of cervical remodelling are postulated based on compiled evidence of the compositional mass changes of extracellular matrix constituents. The article by Baumer et al. [10] offers a unique experimental approach to demonstrate the biomechanical limitations of a cervical cerclage, a popular surgical suturing procedure for women at high risk of preterm birth. Teaming with physicians to develop realistic synthetic cervix models, the co-authors discover suture pull-out is highly dependent on the intrinsic material stiffness of the cervix. This provides the first experimental evidence of the limitations of the cervical cerclage procedure and offers insight into why some patients may not benefit from this clinical intervention.
Two articles feature quantitative ultrasound imaging throughout pregnancy, one measures cervical stiffness in humans [11] and the other measures perfusion of rat placenta [12] . Leveraging ultrasound to gain diagnostic information about a pregnancy is attractive because ultrasounds are used heavily in routine clinical care to monitor the health of the fetus. The fourth cervix article by Carlson et al. [11] reports the ultrasonic shear wave speed of the cervix, which correlates to material stiffness, of 30 women at low risk of preterm birth at five time points in their pregnancy. This study is one of the most comprehensive longitudinal studies in human pregnancy which reports cervical material property changes starting as early as eight weeks. These data demonstrate that ultrasound is a potential tool to stage the cervical remodelling process in pregnancy and assess the risk of preterm birth. The article by Lawrence et al. [12] uses a rat model to demonstrate a pixel-wise analysis of ultrasound data to quantify haemodynamic parameters in the placenta. Insufficient placental perfusion is linked to pregnancy-related disease. Lawrence et al. [12] show an overall rise in overall blood flow with gestation. More interestingly, the pixel-wise method enabled high-resolution parametric images to detect distinct regions of high blood flow.
The articles by Oliveira et al. [13] and Tolentino et al. [14] detail computational methods to study the pelvic floor during delivery and the utility of 3D full-body scanning in predicting obstructed labour, respectively. The study by Oliveira et al. [13] extends their finite-element modelling of human delivery and explores the biomechanical impact of episiotomy incisions of the pelvic floor. Using segmented renderings of the female pelvic floor, the computational study compares the damage profile of the muscular tissue with and without an episiotomy incision as the fetus is descending into the birth canal. Specifically, the computational model is able to explore the effect of size and orientation of incisions and makes a claim that a single incision is more protective than several smaller incisions. This study demonstrates the utility of how computational models can serve to generate hypotheses and can test scenarios that are not feasible in a clinical setting. The article by Tolentino et al. [14] showcases three different low-cost technologies that can measure maternal anthropometry to assess the risk of obstructed labour due to the inadequate size of the maternal pelvis, cephalopelvic disproportion (CPD), a major global health burden. The novelty of these methods are that they are non-invasive and contact-free, and do not require skilled medical personnel to operate or interpret results. Hence, they can be deployed in low-resource settings. This study focuses on women in Ethiopia, a country with a high rate of CPD. Anthropometric and birthing outcome data of 685 women, royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190081 who are pregnant for the time, are reported. All three methods explored were very good clinical predictors of CPD risk, with the camera-based methods proving to be the best predictors.
The manuscripts presented here demonstrate the existence of an emerging subfield of bioengineering that is growing and ripe for further exploration. In closing, the rich variety of engineering disciplines, coupled with basic science and clinical collaborators, underscore how multidisciplinary teams tackle the understanding of the intricate biological, chemical and physical processes involved with supporting a healthy pregnancy. These articles, along with those in the previous issue [15] featuring non-pregnant women's health, highlight groundbreaking engineering work in an area which lacks fundamental datasets of pregnant female physiology, and they offer quantitative frameworks to move maternal and fetal health forward. As a field, engineering-and bioengineering in particularbrings tools and techniques, both experimental and computational, to a wide range of problems in biology and biomedicine. This set of papers, across two issues covering a wide range of questions and subjects, has illustrated the unique potential for research and clinical advances associated with interdisciplinary approaches to bioengineering in women's health.
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